Activation of Fas signaling is a key mediator of doxorubicin cardiotoxicity, which involves both cardiomyocyte apoptosis and myocardial inflammation. In this study, acute cardiotoxicity was induced in mice by doxorubicin, and some mice simultaneously received an intramuscular injection of adenoviral vector encoding mouse soluble Fas (sFas) gene (Ad.CAG-sFas), an inhibitor of Fas/Fas ligand interaction. Two weeks later, left ventricular dilatation and dysfunction were apparent in the LacZ-treated control group, but both were significantly mitigated in the sFas-treated group. The in situ nick-end labeling-positive rate were similar in the two groups, and although electron microscopy revealed cardiomyocyte degeneration, no apoptotic structural features and no activation of caspases were detected, suggesting an insignificant role of apoptosis in this model. Instead, sFas treatment reversed doxorubicininduced down-regulation of GATA-4 and attenuated ubiquitination of myosin heavy chain and troponin I to preserve these sarcomeric proteins. In addition, doxorubicin-induced significant leukocyte infiltration, fibrosis, and oxidative damage to the myocardium, all of which were largely reversed by sFas treatment. sFas treatment also suppressed doxorubicin-induced p53 overexpression, phosphorylation of c-Jun N-terminal kinase, c-Jun, and inhibitor of nuclear factor-B, as well as production of cyclooxygenase-2 and monocyte chemoattractant protein-1, and it restored extracellular signal-regulated kinase activation. Therefore, sFas gene therapy prevents the progression of doxorubicininduced acute cardiotoxicity , with accompanying attenuation of the cardiomyocyte degeneration , inflammation , fibrosis , and oxidative damage caused by Fas signaling.
showed that Fas/Fas ligand interaction increases the susceptibility of cultured neonatal cardiomyocytes to doxorubicin-induced apoptosis. 7 Conversely, treatment with doxorubicin up-regulates expression of both Fas ligand and Fas in various organs, including the heart. 6, 8 On the other hand, cardiomyocytes are reportedly very insensitive to Fas stimulation, 9, 10 and one recent study reported that doxorubicin-induced cardiomyocyte apoptosis is independent of Fas signaling. 11 It is noteworthy in that regard that there is as yet no in vivo morphological evidence of the involvement of cardiomyocyte apoptosis in doxorubicin cardiotoxicity, despite numerous biochemical findings indicative of apoptosis (eg, DNA fragmentation, caspase activation). 12, 13 In fact, we and others have never detected apoptotic cardiomyocytes in some in vivo models of doxorubicin cardiotoxicity. 14, 15 Thus, the role of Fas-dependent cardiomyocyte apoptosis, or any other form of apoptosis, remains controversial in the pathogenesis of doxorubicin cardiotoxicity.
Recent studies indicate that Fas signaling also exerts biological effects unrelated to apoptosis, such as induction of inflammation and fibrosis, 16 generation of reactive oxygen species, 17 acceleration of proliferation/differentiation, 18 and induction of hypertrophy. 19 Indeed, its proinflammatory and hypertrophic effects have been noted in both heart and cardiomyocytes. 19, 20 We therefore hypothesized that Fas signaling might contribute to the pathogenesis of doxorubicin cardiotoxicity through mechanisms unrelated to induction of cardiomyocyte apoptosis. To test that idea, we examined the efficacy of gene therapy using an adenoviral vector expressing soluble Fas (sFas), an inhibitor of Fas/Fas ligand interaction, on cardiac function and morphology in our mouse model of doxorubicin-induced acute cardiotoxicity where the role of apoptosis seems insignificant 15 and investigated the specific mechanisms involved in the observed effects.
Materials and Methods

Recombinant Adenoviral Vectors
A replication-incompetent adenoviral vector that ubiquitously and strongly expresses a chimeric fusion protein comprised of the extracellular region of mouse Fas and the Fc region of human IgG 1 (mFas-Fc), ie, soluble Fas (sFas), was generated as follows. The adenoviral vector plasmid pAd-sFas, which includes the cytomegalovirus immediate early enhancer, a modified chicken ␤-actin promoter, rabbit ␤-globin polyA (CAG), and sFas cDNA (Ad.CAG-sFas) was constructed using in vitro ligation as described previously. 21 Plasmid pFAS-FcII was generously provided by Dr. S. Nagata (Osaka University Graduate School of Medicine). 22 Control Ad-LacZ (Ad.CAGLacZ) was prepared as described previously. 23 
Experimental Protocols
This study was approved by our Institutional Animal Research Committee. Cardiotoxicity was induced in 10-week-old male C57BL/6J mice (Japan SLC) with a single intraperitoneal injection of doxorubicin hydrochloride (Kyowa Hakko) at a dose of 15 mg/kg in saline (n ϭ 20).
Just after the injection of doxorubicin, the sFas gene or LacZ gene was systemically delivered to mice by injection of Ad.CAG-sFas or Ad.CAG-LacZ (1 ϫ 10 9 pfu/ mouse) into the hindlimb muscles (n ϭ 10 each). In shamtreated mice (n ϭ 18), the same volume of saline (n ϭ 10) or Ad.CAG-sFas (n ϭ 8) was injected in a similar manner.
Measurement of the sFas Level in Plasma
The plasma concentration of sFas was measured 1 and 2 weeks after injection of Ad.CAG-sFas or Ad.CAG-LacZ (n ϭ 3 each) by detecting human IgG-Fc using an enzyme-linked immunosorbent assay kit (Institute of Immunology) as previously reported. 24 
Physiological Studies
Physiological studies (echocardiography and cardiac catheterization) were performed as described previously with modifications. 15 Animals were anesthetized with halothane (induction, 2%; maintenance, 0.5%) in a mixture of N 2 O and O 2 (0.5 l/min each) via a nasal mask. Echocardiograms were recorded before treatment and at sacrifice using an echocardiographic system (Vevo 770; VisualSonics) equipped with a 45-MHz imaging transducer. Following echocardiography, the right carotid artery was cannulated with a micromanometer-tipped catheter (SPR 671; Millar Instruments) that was advanced into the aorta and then into the left ventricle (LV) to record pressure and maximal and minimal dP/dt (ϮdP/dt).
Histological Analysis
Once the physiological measurements were complete, all mice were sacrificed, and the hearts were removed. Randomly chosen six hearts from each group served for histological analyses. The heart was cut in two by making a transverse slice between the atrioventricular groove and the apex. The basal specimens were fixed in 10% buffered formalin, embedded in paraffin, cut into 4-mthick sections and stained with hematoxylin and eosin, Masson's trichrome and Sirius red F3BA (0.1% solution in saturated aqueous picric acid, Sigma-Aldrich). Quantitative assessments, including fibrosis area, cardiomyocyte size, and immunopositive cell number, were performed in 20 randomly chosen high power fields (HPFs, ϫ400) in each section using a multipurpose color image processor (LUZEX F, Nireco). The cardiomyocyte size was expressed as the transverse diameter of myocytes cut at the level of the nucleus.
Immunohistochemistry
After deparaffinization, the 4-m-thick sections were incubated with a primary antibody against panleukocyte antigen (CD45; PharMingen), guanine derivative 8-hydroxy-2Ј-deoxyguanosine (8-OHdG; Japan Institute of The Control of Aging), or 4-hydroxyl-2-nonenal (4-HNE; NOF corporation). A Vectastain Elite ABC system (Vector Laboratories) was then used to immunostain the sections; diaminobenzidine served as the chromogen, and the nuclei were counterstained with hematoxylin.
In Situ Nick End-Labeling (TUNEL) and DNA Gel Electrophoresis
TUNEL assays were performed with sections using an ApopTag kit (Intergene) principally according to the supplier's instruction. Mammary tissue from the mice served as a positive control. In addition, to evaluate apoptosis of cardiomyocytes, we performed double immunofluorescence for myoglobin combined with TUNEL. Tissue sections were first stained with Fluorescein-FragEL (Oncogene) and then labeled with antimyoglobin antibody (DAKO) followed by Alexa 568. Nuclei were stained with Hoechst 33342. Immunofluorescence preparations were observed under a confocal microscope (LSM510, Zeiss). Extraction of DNA from apical halves of cardiac tissue (n ϭ 3 each per group) and its subsequent electrophoresis were performed as described previously. 25 
Electron Microscopy
Apical halves of the hearts (n ϭ 3 from each group) were minced and fixed in phosphate-buffered 2.5% glutaraldehyde solution (pH 7.4) overnight, postfixed with 1% osmium tetroxide for 1 hour, dehydrated through a graded ethanol series and embedded in Epon medium. Ultrathin sections were stained with uranyl acetate and lead citrate and observed in an electron microscope (H700; Hitachi).
We performed a morphometric analysis under an electron microscope using the method previously described. 26 A uniform sampling of 20 electron micrographs, 10 with myofibrils oriented longitudinally and 10 with myofibrils sectioned transversely, was used for the morphometric assay of each group. Five random fields, micrographed at 10,000ϫ from each of five tissue blocks were printed at a final magnification of 30,000ϫ and analyzed on composite grids as described previously, to calculate the volume fraction of myofibrils and mitochondria within a cardiomyocyte.
Western Blotting
Samples of protein (100 g) extracted from hearts (n ϭ 4 from each group) were subjected to 14% polyacrylamide gel electrophoresis and then transferred onto polyvinylidene difluoride membranes. The membranes were then probed using primary antibodies against Fas, Fas ligand (both from BD Transduction Laboratories/BD PharMingen), caspase-8, caspase-3 (both from Cell Signaling, Danvers, MA), Bcl-2, Bax (both from Santa Cruz), extracellular signal-regulated kinase (ERK), the phosphorylated (activated) form of ERK (p-ERK; both from Cell Signaling), c-Jun N-terminal kinase (JNK), the phosphorylated form of JNK (p-JNK; both from Santa Cruz), p38 mitogenactivated protein kinase (p38 MAPK), the phosphorylated form of p38 MAPK (p-p38; both from Sigma-Aldrich), c-Jun, the phosphorylated form of c-Jun (p-Jun; both from Cell Signaling), inhibitor of nuclear factor-B (IB), the phosphorylated form of IB (p-IB; both from Cell Signaling), GATA-4, myosin heavy chain (MHC), troponin I, p53, cyclooxygenase-2 (COX-2), monocyte chemoattractant protein-1 (MCP-1; all from Santa Cruz), transforming growth factor-␤1 (TGF-␤1; Promega) and 4-HNE (NOF Corporation), after which the blots were visualized using enhanced chemiluminescence (ECL; GE HealthCare UK Ltd.). ␣-Tubulin (antibody from Santa Cruz) served as the loading control.
Ubiquitination Assay Using Immunoprecipitation
An immunoprecipitation assay of the lysate of heart tissues was performed using anti-MHC or anti-troponin I antibody (Santa Cruz) with Dynabeads/protein A (Dynal; Invitrogen) according to the supplier's instruction. Subsequently, the isolated protein was analyzed by Western blotting using anti-ubiquitin antibody (Dako). Three hearts from each group were subjected to the assay.
Enzyme-Linked Immunosorbent Assay
The level of tumor necrosis factor-␣ (TNF-␣) in myocardial tissue (n ϭ 4 from each group) was quantified using enzyme-linked immunosorbent assay kits (R&D Systems) according to the supplier's instructions.
Statistical Analysis
Values are shown as means Ϯ SEM The significance of differences between groups was evaluated using oneway analysis of variance with a post hoc Newman-Keuls multiple comparisons test. Values of P Ͻ 0.05 were considered significant.
Results
Effects of sFas on Doxorubicin-Induced Changes in Cardiac Structure and Function
In the sFas gene-delivered mice, the plasma level of exogenous sFas reached 76 Ϯ 8.0 g/ml 1 week after injection. It steeply decreased to 3.2 Ϯ 0.18 g/ml 2 weeks after injection when the experiments ended; these levels might be sufficiently high when considering that in humans, the normal level of plasma sFas is approximately 2 ng/ml. 27 Exogenous sFas was not detected in the plasma of mice that received LacZ gene at any time point.
Two weeks after doxorubicin administration, all of the mice of each group remained alive. Echocardiography and cardiac catheterization performed at that time showed that mice receiving doxorubicin and LacZ gene had substantial deterioration of cardiac function characterized by enlargement of the LV cavity, increased LV diameter, reduced LV fractional shortening and reduced ϮdP/dt, as compared with sham animals ( Figure 1 , A and B). Treatment with sFas gene significantly attenuated the doxorubicin-induced impairment of cardiac function but showed no influence on cardiac geometry and function in the sham-treated mice.
We observed no significant difference in the heart weight-to-body weight ratios among the groups (Table 1) . On the other hand, examination of transverse sections of hearts stained with hematoxylin-eosin showed that cardiomyocytes were severely degenerative from the group receiving doxorubicin plus LacZ; they contained many vacuoles and the sarcomeres were poorly stained with eosin ( Figure 2A ). The transverse diameters of cardiomyocytes from this group were significantly smaller than in the sham group. The sFas treatment improved the doxorubicin-induced degenerative findings in cardiomyocytes ( Figure 2A ) but exerted no effect against this apparent cardiomyocyte atrophy (Table 1) .
Effects of sFas on Doxorubicin-Induced Inflammatory Responses, Fibrosis, and Oxidative Damage
Immunohistochemical analysis revealed that doxorubicin induced significant infiltration of the myocardium by CD45-positive leukocytes ( Figure 2A ) and that sFas attenuated this effect, significantly reducing doxorubicininduced CD45-positive leukocyte infiltration (Table 1) . When we assessed cardiac fibrosis using Sirius redstained sections (Figure 2A ), we found that the amount of fibrosis was significantly greater in the group receiving doxorubicin plus LacZ than in the sham group, and that this effect, too, was significantly reduced by sFas treatment ( Table 1 ). The 8-OHdG is a commonly used marker of oxidative damage to DNA. 28 We found that the prevalence of 8-OHdG-positive cardiomyocytes was markedly increased in the group receiving doxorubicin plus LacZ and that such oxidative damage was markedly attenuated in the sFas-treated mice ( Figure 2A and Table 1 ). 4-HNE, a marker of oxidative damage to cell membranes, 29 is an ␣,␤-unsaturated aldehyde that can be formed by peroxidation of 6-unsaturated fatty acids such as linoleic and arachidonic acids. 30 It has been proposed that 4-HNE exerts a variety of cytotoxic, genotoxic, and mutagenic effects as well as inhibitory effects on cell proliferation because its facile reactivity with biological molecules, particularly with proteins. We similarly noted strong immunolabeling of 4-HNE in the hearts of doxorubicin-treated mice, and the labeling was substantially weaker in mice receiving the sFas gene therapy (Figure 2A ). This finding was subsequently confirmed by Western blotting of 4-HNE ( Figure 2B ).
Western blot analyses revealed up-regulation of two inflammatory mediators cyclooxygenase-2 and MCP-1 in the doxorubicin-treated hearts, which was reversed by the sFas gene therapy ( Figure 3A) . On the other hand, tissue levels of TGF-␤1 and TNF-␣ were unaffected by doxorubicin ( Figure 3, A and B) . 
Apoptosis in Hearts Showing Acute Doxorubicin Cardiotoxicity
Cardiac expression of both Fas and Fas ligand were found to be up-regulated by treatment with doxorubicin, and this effect was reversed by sFas gene therapy (Figure 4A) . The TUNEL-positive cardiomyocytes and nonmyocytes were observed in each group, though in rare instances ( Figure 4B ). The prevalence of TUNEL-positivity in cardiomyocytes were significantly greater in the groups treated with doxorubicin, irrespective of whether the mice also received sFas gene, and sFas treatment had no significant effect on the prevalence. We failed to detect the ladder pattern of fragmented DNA characteristic of apoptosis in any groups (data not shown). Moreover, we detected no cleaved (activated) caspase-3 or caspase-8 in any of the groups, and the levels of both procaspase-8 and Ϫ3 were unchanged between the groups ( Figure 4C ). Levels of two apoptosis-regulating proteins, Bcl-2 and Bax, were not affected either by doxorubicin or the gene therapy ( Figure 4D ). Electron microscopy revealed degenerative changes in cardiomyocytes from doxorubicin-treated mice, including myofibrillar derangement, disruption and loss and proliferation of subcellular organelles such as mitochondria ( Figure 5A ). Morphometric analysis at the electron microscopic level revealed that the %volume comprised of myofibrils in a cardiomyocyte cell area became significantly smaller by doxorubicin (43 Ϯ 1.2% versus 54 Ϯ 1.3%in sham, P Ͻ 0.05); this reduction was restored by the sFas gene therapy (52 Ϯ 2.0%) ( Figure 5A ). However, no typically apoptotic cells were observed. Thus, an antidegenerative effect, but not an anti-apoptotic effect, appears to contribute significantly to the beneficial effects of sFas gene therapy on cardiac structure and function in the present model of doxorubicin cardiotoxicity.
Effects of sFas on Doxorubicin-Induced Cardiomyocyte Degeneration
Although apoptotic features were not seen, doxorubicininduced cardiotoxicity was accompanied by severe degenerative changes to the cardiomyocytes. These changes included myofibrillar derangement and disruption with increased numbers of subcellular organelles such as mitochondria ( Figure 5A ), which are all consistent with previously described findings. 15, 31 We also noted that levels of GATA-4, a key transcriptional factor regulating expression of cardiac sarcomeric proteins, 32, 33 were significantly diminished in the doxorubicin-treated hearts ( Figure 5B ), which is also consistent with earlier reports. 34 Notably, GATA-4 expression was significantly restored by sFas treatment ( Figure 5B) . Likewise, the levels of two sarcomeric proteins, myosin heavy chain and troponin I, which were significantly reduced by doxorubicin, were also significantly reversed by sFas gene treatment ( Figure 5B) .
A recent study reported that doxorubicin treatment reduces cardiac mass via p53-dependent inhibition of mammalian target of rapamycin (mTOR), which is the major contributor to acute doxorubicin cardiotoxicity. 35 Our Western blot showed a marked up-regulation of p53 in the heart by doxorubicin treatment consistent with the report 35 and also revealed a significant attenuation of p53 expression in the sFas-treated group ( Figure 6A ). The ubiquitination assay with immunoprecipitation revealed that doxorubicin increased polyubiquitinated myosin heavy chain and troponin I, and that the sFas treatment significantly attenuated this increase ( Figure 6B ). Collectively, these findings suggest that Fas signaling mediates doxorubicin-induced sarcomeric disintegration by down-regulation of GATA-4, a transcriptional factor for myosin heavy chain and troponin I, by ubiquitin-dependent degradation of those sarcomeric proteins that are in parallel with p53 expression, or by both. Although the sFas treatment exerted no protective effect against doxorubicin-induced atrophy, it appears to qualitatively improve cardiomyocyte structure and function possibly through restoration of the proportion of sarcomeric proteins in the cytoplasm.
Molecular Signaling Downstream of Fas
Our histological analysis revealed that inhibition of Fas signaling with sFas treatment attenuated doxorubicininduced myocardial inflammation and fibrosis as well as cardiomyocyte degeneration. It is known that in addition to its apoptotic signaling, Fas stimulation also evokes inflammatory signaling through activation of downstream mediators such as JNK and nuclear factor-B (NF-B). 16, 36 Activation of JNK and c-Jun, as indicated by expression of the respective phosphorylated forms, was stimulated by doxorubicin, and this effect was attenuated by the sFas treatment ( Figure 7A ) while p38 MAPK activation was suppressed by doxorubicin, which sFas treatment did not affect ( Figure 7B ). The phosphorylated level of IB activation was augmented by doxorubicin, and this, too, was significantly attenuated by sFas treatment ( Figure 7C ), suggesting that sFas gene therapy suppresses doxorubicin-induced NF-B activation. Consistent with previous reports, 15,37 activity of ERK was suppressed by doxorubicin and interestingly, this was restored by sFas treatment ( Figure 7D ).
Discussion
Fas Signal Inhibition and Apoptosis in Acute Doxorubicin Cardiotoxicity
The present study has shown that inhibition of Fas signaling significantly attenuates progression of acute doxorubicin cardiotoxicity. Nakamura et al previously used a neutralizing antibody against Fas ligand to demonstrate the beneficial effect of Fas inhibition in doxorubicin cardiotoxicity. 6 We have now confirmed and extended those findings by demonstrating for the first time the efficacy of anti-Fas gene therapy in the treatment of acute doxorubicin cardiotoxicity. More important, however, may be the difference in the phenotypes of the affected hearts in the two studies. In their model, Nakamura et al noted aug- mented cardiac apoptosis (indicated by TUNEL and DNA ladder) that was significantly suppressed by Fas signal inhibition. 6 By contrast, we found that inhibiting Fas signaling had no effect on the prevalence of TUNEL positivity, activation of caspase-8 and Ϫ3, or expression of apoptosis-related proteins Bcl-2 and Bax. The discrepancy in apoptosis between two studies may be most likely explained by the fact that Nakamura et al did not see apoptotic bodies until week 9 of doxorubicin treatment. 6 That is, different from the study by Nakamura et al using chronic model, the current study is basically a model of acute doxorubicin cardiotoxicity. It is known clinically that doxorubicin occasionally produces an acute cardiotoxicity while the drug causes a chronic cardiomyopathy when given repeatedly. [1] [2] [3] [4] Acute injuries occur immediately after treatment and may cause transient arrhythmia, pericarditis, myocarditis, and acute failure of the left ventricle. Chronic effects depend on the cumulative dose and result in dilated cardiomyopathylike congestive heart failure. The relevance and relationship of the findings of acute effects of doxorubicin involving non-apoptotic pathways induced by Fas signaling to chronic effects of Fas signaling to apoptosis in chronic doxorubicin cardiomyopathy is unclear. Therefore, apoptosis may be a phenomenon specifically related to chronic treatment and cardiomyopathy, but not to the relatively short-term (2 weeks) toxicity of doxorubicin like the present study.
Fas Signaling Inhibition Attenuates Inflammation, Fibrosis and Oxidative Damage in Acute Doxorubicin Cardiotoxicity
The interaction of Fas and Fas ligand activates a wellknown pathway via which apoptotic signals are transduced in a variety of cell types. 5 However, recent studies have shown that Fas signaling also mediates a number of biological effects unrelated to apoptosis, 36 including induction of inflammation and fibrosis, 16 generation of reactive oxygen species, 17 acceleration of proliferation/differentiation, 18 and induction of hypertrophy. 19 Consistent with those findings, transgenic mice overexpressing Fas ligand in their hearts showed inflammation and fibrosis but not apoptosis, while development of cardiac hypertrophy induced by pressure overload was shown to be Fas signal-dependent. 20 In the present study, inhibition of Fas signaling attenuated the myocardial inflammation and fibrosis characteristic of doxorubicin cardiotoxicity. This was accompanied by suppression of the activities of c-Jun and NF-B (two inflammation-related transcription factors) and by down-regulation of cyclooxygenase-2 and MCP-1 (two inflammatory mediators), all of which were activated or augmented in hearts affected by doxorubicin. Although earlier studies reported TNF-␣ and TGF-␤1 to be potent stimulators of inflammation and fibrosis in the failing heart, 38,39 their involvement in doxorubicin-induced cardiotoxicity was challenged in the recent reports. 15, 37 Consistent with the latter, we found no significant doxorubicin-or sFas-induced changes in the expression of TNF-␣ and TGF-␤1 despite augmented infiltration of inflammatory cells in the doxorubicin-treated hearts, which are the major source of the cytokines. The discrepancy may be partly explained by the action of doxorubicin that directly down-regulates transcription of TNF-␣ as previously reported. 37 Effect of doxorubicin on TGF-␤1, on the other hand, should be elucidated in future. In addition, the diminished production of 8-OHdG (a marker of oxidative DNA damage) and 4-HNE (a marker of oxidative damage of plasma membrane) indicates that inhibition of Fas signaling attenuates doxorubicin-induced oxidative damage to the heart.
Attenuation of Cardiomyocyte Degeneration by Fas Signaling Inhibition in Acute Doxorubicin Cardiotoxicity
Interestingly, we could not confirm the hypertrophic effect of Fas in our present model. In contrast to the compensatory cardiomyocyte hypertrophy seen in response to pressure overload, 20 doxorubicin exerted an atrophic effect on cardiomyocytes that was unaffected by Fas inhibition with sFas treatment. Nonetheless, Fas inhibition did attenuate the degenerative changes to cardiomyocytes. Cardiomyocytes affected by doxorubicin cardiotoxicity show severe degenerative changes at the subcellular level, including myofibrillar derangement, disruption and loss and proliferation of subcellular organelles such as mitochondria. 15, 31 Such myofibrillar degeneration was re- portedly associated with doxorubicin-induced down-regulation of GATA-4; Kim et al 40 reported doxorubicin down-regulates GATA-4 expression at the gene transcriptional level and we and others, 15, 34 and the present study, too, confirmed the doxorubicin-induced decrease in protein expression of GATA-4. Because GATA-4 is a key transcriptional factor regulating cardiac expression of sarcomeric proteins (eg, myosin heavy chain and troponin I), 32, 33 it seems plausible that its down-regulation underlies the observed sarcomeric disintegration. Indeed, we not only confirmed that there was a significant reduction in GATA-4 levels in our present model, but we also noted that this reduction was significantly reversed by Fas inhibition, and that expression of myosin heavy chain and troponin I changed in accordance with the GATA-4 level. However, decrease in GATA-4 expression by doxorubicin was indeed significant but only approximately 20% in the present study, which may not be sufficient to hamper synthesis of sarcomeric proteins. A recent study reported that doxorubicin treatment mediates p53-dependent inhibition of mTOR. 35 mTOR is a serine/threonine protein kinase that regulates protein translation and cell growth. 41 In the present study, we found that Fas inhibition significantly attenuates doxoru- bicin-induced overexpression of p53. Since molecular pathways that inhibit protein synthesis in doxorubicin cardiotoxicity seem very complicated as discussed here, further studies are warranted to elucidate the whole picture of them.
Not only protein synthesis but also protein degradation is an important regulator of sarcomeric protein volume. For example, activation of the ubiquitin-proteasome system has been reported in doxorubicin-treated cardiomyocytes. 42 In the present study, we found that doxorubicin increased ubiquitination of sarcomeric proteins (ie, myosin heavy chain and troponin I) and that the increased ubiquitination was reversed by Fas inhibition. In addition, doxorubicin was also reported to badly affect actin assembly. 43 Collectively, we suggest that improvement of sarcomeric integrity by the sFas gene therapy is, at least in part, attributable to decreased GATA-4-mediated synthesis, increased degradation through ubiquitination, or both in the present acute doxorubicin cardiotoxicity model.
One would expect that restoration of sarcomeric proteins by Fas inhibition should return the cardiomyocyte size to normal. But, Fas inhibition did not affect doxorubicin-induced atrophy of cardiomyocytes. On the other hand, Fas inhibition made the proportion of sarcomeres within the cytoplasm return to normal as shown by our electron microscopic morphometry. These indicate that Fas inhibition made the proliferated nonsarcomeric constituents (eg, mitochondria) be replaced with sarcomeres to bring about a qualitative improvement of the cardiomyocytes. Also, the heart weight reduction was not affected by Fas inhibition. If the heart weight returned to normal in the sFas-treated group, the heart to body weight ratio should, curiously enough, have been significantly greater than that of the sham group because the body weight in the sFas-treated group was markedly diminished by doxorubicin. Thus, the heart weight in the sFas-treated group might have not needed to return normal as far as cardiac function was actually restored although our data suggest that mass of sarcomeres is indeed increased by Fas inhibition.
Molecular Signaling in Acute Doxorubicin Cardiotoxicity Affected by Fas Inhibition
In the present study, we found that the Fas inhibition with sFas treatment significantly affected several transcriptional factors of which expression or activation was altered by doxorubicin. p53 is one of the most extensively characterized tumor suppressor proteins and is a master regulator with pleiotropic effects on metabolism, antioxidant defense, genomic stability, senescence and cell death. 44 It is well known that doxorubicin-induced p53 up-regulates Fas. 45 Fas signals include JNK and NF-B activation and reactive oxygen species generation. 17 These activated signals subsequently evoke COX-2 and MCP-1-involved inflammation and also augment oxidative stress, both of which may again stimulate p53. The sFas gene therapy might have interrupted such a vicious feedback loop.
The effect of doxorubicin on ERK/MAPK activation has been studied previously, but the results appear to be conflicting. However, an overall consensus may be that ERK is activated during earlier phase (hours to 5 days) but is inactivated during later phase (2 to 3 weeks) after treatment with doxorubicin. 15, 37, 46 Activity of GATA-4 transcription factor is subjected to regulation not only at the expression level but also through posttranscriptional modification of GATA-4 proteins. 47 For instance, Liang et al 48 reported that activated ERK (p-ERK) phosphorylates GATA-4 to enhance its DNA binding and transcriptional activation. Another study using isolated rat heart subjected to excessive LV wall stress (induced by balloon inflation) showed an involvement of MAPK (p38 and ERKs) in activation of GATA-4 binding to DNA. 49 In addition, p53 and protein degradation through the ubiquitin-proteasome system interact each other. 50, 51 Activated ERK again negatively regulates ubiquitin-proteasome system as well as autophagy to inhibit protein degradation. 52, 53 Collectively, we speculate that sFas exerts its cardioprotective effects via inhibition of Fas signals that evoke inflammation, fibrosis, and reactive oxygen species production which reproduce oxidative stress to activate p53 and inactivate ERK; diminished ERK decelerates GATA-4-dependent sarcomeric protein synthesis and promotes ubiquitin-dependent sarcomeric protein degradation while increased p53 not only activates Fas signaling but also promotes ubiquitin-dependent sarcomeric protein degradation. That said, it remains unknown how Fas signaling affects GATA-4 expression and ERK activation and whether the inflammation and cardiomyocyte degeneration are associated with one another. Further study will be needed to fully clarify the extraapoptotic effects of Fas signaling in the heart.
Conclusion
In conclusion, we found that sFas gene therapy prevents the progression of doxorubicin-induced acute cardiotoxicity, accompanying attenuation of the cardiomyocyte degeneration, inflammation and oxidative damage caused by Fas signaling. These findings not only provide novel mechanistic insight into the pathogenesis of acute doxorubicin cardiotoxicity but also suggest that anti-Fas gene therapy is a potentially useful approach to preventing or ameliorating acute doxorubicin cardiotoxicity. However, safety of anti-Fas strategies or a virus-mediated gene therapy has not been confirmed in humans. These issues should be resolved before clinical application of the antiFas gene therapy.
